Hepatitis C virus (HCV) establishes persistent infection in Ͼ70% of infected individuals (25) , and over 170 million people are persistently infected worldwide. Persistent HCV infection is associated with a chronic inflammatory disease (hepatitis) that ultimately leads to hepatic fibrosis, cirrhosis, and hepatocellular carcinoma (25) . Chronic infection is also associated with disorders of lipid metabolism (54) , with abnormal accumulation of lipids in the liver parenchymal cells (steatosis) and reduced serum beta-lipoprotein levels (52) . Currently, the only approved antiviral therapy for HCV is the administration of type I interferon combined with ribavirin. However, this therapy is toxic and is effective in only a fraction of cases (43) .
HCV is the sole member of the genus Hepacivirus, which belongs to the Flaviviridae family. The virus is enveloped, and the single-stranded positive-strand RNA genome contains a single open reading frame flanked by untranslated regions (5Ј UTR and 3Ј UTR) that contain RNA sequences essential for RNA translation and replication (17, 18) . Translation of the single open reading frame is driven by an internal ribosomal entry site (IRES) sequence present within the 5Ј UTR (24) , and the resulting polyprotein, of approximately 3,000 amino acids in length, is processed by cellular and viral proteases into its individual components (44) . The nonstructural proteins NS3, NS4A, NS4B, NS5A, and NS5B are sufficient to support efficient HCV RNA replication in membranous compartments in the cytosol (10, 35, 39) . Overexpression of the core, E1, and E2 proteins is sufficient for the formation of virus-like structures in insect cells (6) , and expression of the viral polyprotein leads to the formation of virus-like particles in HeLa (38) and Huh-7 (23) cells. It has been proposed that infectious particles are assembled when genomic RNA-containing core particles bud through the endoplasmic reticulum (ER) membrane (47) , acquiring the viral envelope and surface glycoproteins (14, 15, 48) . However, it is currently unknown how the viral particles are transported from the ER through the secretory pathway.
In infected individuals, HCV particles circulate as low-density lipoprotein (LDL)-virus complexes (3) characterized by very-low-to-low buoyant densities (from Ͻ1.03 to 1.25 g/ml), depending on the stage of the infection at which the sample is obtained (12, 46) . These LDL-virus particles are rich in triglycerides and contain HCV RNA, core protein, and apolipoproteins B and E (apoB and apoE) (3) , which are components of the beta-lipoproteins (very-low-density lipoproteins [VLDL] and LDL) (11) . Hepatic assembly and secretion of VLDL particles play an essential role in the delivery of lipids to extrahepatic tissues (20) . VLDL assembly requires the structural protein apoB, and the intraluminal ER microsomal transfer protein (MTP) (a schematic diagram of the VLDL assembly and secretion pathway is available at http://www.scripps .edu/ϳgastamin/Gastaminza_JVI/Suppl_Fig_1.tif) (reviewed in reference 8) facilitates two concerted processes necessary for VLDL assembly, i.e., cotranslational translocation of nascent apoB across the ER membrane and facilitated folding and transfer of lipids (8) . The latter occurs in a two-step process, the first of which is required for the formation of high-density (ϳ1.18 g/ml) VLDL precursors (21, 49) , while the second yields mature VLDL particles (Ͻ1.006 g/ml) that are secreted by the cell (22) . Interruption of any of these coordinated processes aborts VLDL assembly, causing apoB to be degraded cotranslationally by a ubiquitin-dependent proteasome pathway (7, 33) .
We previously reported (19) that HCV particles secreted into the supernatants of infected cell cultures have biophysical properties similar to those of particles circulating in infected patients (42) . We also reported that intracellular particles are infectious, and we found that their average buoyant density was significantly higher than that of the extracellular particles (19) . These biophysical differences probably reflect differences in biochemical composition, suggesting that intracellular infectious particles undergo a maturation process that enables them to acquire the low-density configuration prior to leaving the cell (19) . These results suggest an interesting parallelism between the assembly and secretion of VLDL and HCV, in that intracellular high-density precursors are transformed into lowdensity secreted particles prior to egress. This parallelism is reinforced by the fact that HCV particles in infected patients contain apoB and apoE (3, 42) , suggesting that these components might be acquired simultaneously with cellular lipids during viral egress. In this study, we defined functional aspects of infectious viral particle assembly and secretion, demonstrating that infectious HCV particle secretion is a highly regulated process in which only a fraction of the assembled infectious particles are secreted, with the rest being targeted for nonproteasomal degradation in a post-ER compartment. Moreover, we demonstrate that apoB is a rate-limiting factor in HCV infectious particle assembly and secretion and that these processes require active MTP.
(Part of this study was communicated at the 13th International Meeting on HCV and Related Viruses, Cairns, Australia, 27 to 31 August 2006.)
MATERIALS AND METHODS

Cells and viruses.
Huh-7 and Huh-7.5.1 cells were cultured as previously described (57) . Replicon cells were generated as described previously (9, 35) . JFH-1 virus was generated by transfection, and viral stocks were produced by infection of Huh-7 cells at a multiplicity of infection (MOI) of 0.01, as described previously (57) . At day 8 to 10 postinoculation, supernatants were collected and the infectivity titer was determined as described below. The infected cells were maintained and used as persistently infected cells in secretion experiments for no more than 40 days postinfection. High-titer stocks of D183 virus (58) were prepared by infection of a Huh-7.5.1 cell subclone (clone 2) (G. Cheng, unpublished data) at a low MOI (0.01) as described previously (57) . A recombinant PCR approach was used to replicate the previously described J6CF-, H77-, and Con1-JFH-1 chimeric HCV genomes (45) by replacing the corresponding JFH-1 core-NS2 region in pUC-vJFH with the corresponding sequences from J6CF, H77, and Con1. Infectious JFH-1 and chimeric viruses were produced by transfection of in vitro-synthesized genomic HCV RNA into Huh-7.5.1 cells, and virus stocks containing 10 4 to 10 5 focus-forming units (FFU)/ml were prepared as described previously (57) .
Chemicals. BMS-200150 was synthesized in-house by Enrique Mann, as described previously (27) . Acetyl-L-leucyl-L-leucyl-L-norleucinal (ALLN) and lactacystin were purchased from Calbiochem (San Diego, CA). MG132 was purchased from A.G. Scientific (San Diego, CA). E64 was purchased from Sigma (St. Louis, MO). Brefeldin A (BFA) (GolgiPlug; 1 mg/ml) was purchased from BD Biosciences (San Diego, CA) and used at the recommended dilution (1 g/ml).
Lentiviral particle production and Huh-7 cell transduction. Lentiviral particles were produced in HEK-293T cells by cotransfection of plasmids encoding apoB short hairpin RNAs (shRNAs) (32) and the plasmids necessary for vesicular stomatitis virus glycoprotein-pseudotyped lentivirus production as described previously (28) . Cell supernatants were collected at 36 to 48 h posttransfection. The supernatants were cleared at low speed in a countertop centrifuge (2 min at 1,500 rpm). The lentiviral particle titer was determined by end-point dilution of the supernatants and immunofluorescence in Huh-7 cells, since the transduced cells express green fluorescent protein (32) .
Infections. Low-multiplicity (MOI of 0.01) infection experiments were performed as previously described (57) . High-multiplicity (MOI of 5) infection experiments were performed using the cell culture-adapted D183 virus (58) . Huh-7 cells were plated the day before infection into 12-well plates (Corning Incorporated, Corning, NY) at 5 ϫ 10 4 cells/well. Cells were inoculated with 250 l of a high-titer (10 6 FFU/ml) D183 virus stock. At 5 hours postinoculation, the cells were washed extensively (three times with 1 ml each) with phosphatebuffered saline (PBS) and incubated in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal calf serum (FCS) for the indicated period of time.
Secretion experiments. Persistently infected cells were generated as described above. Cells were plated in 12-well plates (Corning Incorporated, Corning, NY) at 5 ϫ 10 5 cells/well, washed the following day, and preincubated with drugs for 1 h at 37°C. The cells were then washed once with PBS, replenished with DMEM-10% FCS, and incubated at 37°C for the indicated periods of time.
Intracellular and extracellular infectivity titration. The infectivity titer was determined on Huh-7 cells by end-point dilution and immunofluorescence as previously described (57) . Typically, 25 l of supernatant or cell lysate (19) was serially diluted fivefold in DMEM-10% FCS, and 100 l was used to inoculate Huh-7 cells. Infection was examined at 72 h postinoculation by immunofluorescence, using a recombinant monoclonal human immunoglobulin G (IgG) anti-E2 antibody (C1 antibody; a gift from Dennis Burton, The Scripps Research Institute) or, for the chimeric viruses bearing structural proteins from other genotypes, a monoclonal antibody against core protein C750 (Affinity Bioreagents, Golden, CO), with the appropriate secondary Alexa 555-conjugated antibodies (Invitrogen, Carlsbad, CA).
Density gradient ultracentrifugation. Gradients were formed by equal-volume (700 l) steps of 20%, 30%, 40%, 50%, and 60% sucrose solutions in TNE buffer (10 mM Tris-HCl, pH 8, 150 mM NaCl, 2 mM EDTA) as previously described (19) . Equilibrium was reached by ultracentrifugation for 16 h at 36,000 rpm (135,000 ϫ g) in an SW60Ti rotor at 4°C in a Beckman L8-80 M preparative ultracentrifuge. Twelve gradient fractions of 250 l were collected from the top and titrated for virus infectivity as described above. The densities of the fractions were determined by measuring the mass of 100-l aliquots of each sample.
RNA extraction and quantitation. RNAs were extracted using a modification of the GTC extraction method (13) after adding 2 g of yeast tRNA per sample as a carrier. HCV RNA levels were determined by reverse transcription-realtime quantitative PCR (RT-qPCR), using HCV JFH-1-specific primers and normalization for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA levels, as described previously (30, 57) . apoB mRNA was quantitated by RT-qPCR using the primers ApoBup (5Ј-CTG TCA GCG CAA CCT ATG AG-3Ј) and ApoBlo (5Ј-TCT GCC GAT TAT ATT TGA ATG TCA-3Ј).
Protein analyses. Core levels in the supernatant were determined by enzymelinked immunosorbent assay (ELISA) as described previously (19) . apoB and albumin in the cell supernatants were measured by ELISA (Alerchek, Portland, ME, and Bethyl Laboratories, Montgomery TX, respectively). Protein ubiquitination was determined by Western blotting using anti-ubiquitin (P4D1-HRP; Santa Cruz Antibodies, Santa Cruz, CA) and anti-GAPDH (Novus Biologicals, Littleton, CO) antibodies for the loading control.
RESULTS
Intracellular infectious HCV levels reflect viral assembly
and degradation by the cell. Like other members of the Flaviviridae family, it is believed that HCV particles are assembled in the rough ER (34). Therefore, it is possible that the intracellular infectious particles previously described in our laboratory (19) are located in ER-related compartments prior to their secretion into the extracellular milieu. In order to test this hypothesis, we studied the effect of BFA on intracellular infectious particle content. BFA, a general inhibitor of secretion, has been shown to promote the accumulation of normally secreted proteins and lipoproteins in ER-related compartments (41) and to inhibit the secretion of other Flaviviridae (37) . Persistently HCV-infected cells were treated for 9 h with BFA (1 g/ml), and serially diluted samples of the supernatant and the infected cells were analyzed for infectious particle content by infectivity analysis of Huh-7 cells. As expected, BFA significantly inhibited the secretion of infectious HCV particles, as shown by a strong reduction in extracellular infectivity 1A ) that was independent of residual BFA present in the diluted supernatants used in the infectivity assay (http://www .scripps.edu/ϳgastamin/Gastaminza_JVI/Suppl_Fig_2.tif). Interestingly, the inhibition of particle secretion coincided with a progressive accumulation of intracellular particles within the infected cells, as shown by the increasing number of infectious particles present in total cell lysates over time (Fig. 1B) . HCV secretion was restored ( Fig. 1C ) and intracellular infectivity returned to baseline ( Fig. 1D ) after removal of the drug, indicating that the effect of BFA was reversible and that it did not significantly compromise the viability of the cells under these conditions. In order to determine if the accumulated intracellular particles were high-density precursors or mature lowdensity infectious particles whose secretion had been prevented by BFA treatment, we analyzed the buoyant density profile of these particles in isopycnic sucrose density gradients. This analysis revealed that the accumulated particles peaked at a density of 1.15 g/ml, corresponding to the density of intracellular precursors (Fig. 2 , compare mock with BFA treatment) (19) . Overall, these results suggest that immature (highdensity) HCV particles form in the ER and that maturation into low-density particles occurs after they leave the ER. In order to determine if intracellular HCV precursors are targeted for presecretory proteasomal degradation, similar to misfolded proteins or immature apoB-containing VLDL precursors (56), we monitored the impact of proteasome inhibitors (lactacystin, MG132, and ALLN) on steady-state HCV infectivity levels in persistently infected Huh-7 cells. Despite the fact that the three compounds profoundly inhibited proteasomal degradation of ubiquitinated proteins (Fig. 3A) , only ALLN provoked accumulation of intracellular infectious particles (Fig. 3B) . Sucrose gradient ultracentrifugation analyses confirmed that the intracellular particles that accumulated during ALLN treatment displayed the biophysical properties of intracellular virus precursors, with a distinct peak of buoyant density at 1.15 g/ml (Fig. 2 , compare mock and ALLN treatments).
In addition to its ability to inhibit the proteasome, ALLN is also known to inhibit cysteine proteases (51) . The lack of accumulation of intracellular infectivity in the presence of lactacystin and MG132 argues against a proteasomal degradation mechanism. These results suggest that either a rate-limiting component of intracellular infectious particle assembly is degraded in a nonproteasomal manner under normal conditions or that infectious intracellular precursors themselves are degraded after they are assembled. After the initial rapid accumulation (Ͻ1.5 h) of intracellular infectious particles, virus accumulation appeared to reach a plateau (Fig. 3C) , which lasted for several hours (data not shown). ALLN treatment did not suppress the extracellular infectivity level compared to that of the untreated cells (Fig. 3D) , suggesting that unlike BFA, ALLN does not inhibit infectious particle secretion. Analysis of infectivity after purification of the particles through a sucrose cushion confirmed that the presence of ALLN in these supernatants did not interfere with the infectivity titration assay (http://www.scripps.edu/ϳgastamin/Gastaminza_JVI/Suppl were treated with BFA (1 g/ml) for a 6-h period, after which samples of supernatants were collected. Cells were washed once with PBS and further incubated for another 20 h with complete medium. Extracellular infectivity in supernatants after BFA treatment (black bars) and after drug removal (white bars) was determined by serial dilution and immunofluorescence, as described in Materials and Methods. (D) Intracellular infectivity was determined for lysates of the cells used in the experiment described for panel C. Results are presented as averages and standard deviations for triplicate experiments (n ϭ 3).
FIG. 2.
Buoyant density of infectious particles accumulated within infected cells. The buoyant density profile of particles present in persistently infected cell cultures was determined by equilibrium ultracentrifugation of sucrose gradients. Cell lysates of persistently infected cells were prepared after 6 h of BFA (1 g/ml) or ALLN (40 M) treatment and were ultracentrifuged in an isopycnic sucrose gradient (20 to 60% sucrose) until equilibrium was reached. Fractions of the gradient were collected from the top, and infectivity was determined by serial dilution and immunofluorescence. The buoyant density profile is represented by the infectivity (FFU/ml) present in each fraction. The density (g/ml) of each fraction is shown as a dotted line.
_Fig_2.tif). These results imply that the number of intracellular particles is not rate limiting for HCV secretion in persistently infected cells and that only a subset of the assembled infectious precursors are secreted, while the rest are targeted for degradation. Simultaneous treatment of the cells with ALLN and BFA did not produce an additive effect on intracellular infectious HCV accumulation (Fig. 3B) , suggesting that degradation takes place in a post-ER compartment(s). Importantly, similar results were obtained with E64 (25 g/ml) (Fig. 4) , a cysteine protease inhibitor that has also been shown to protect apoB from presecretory, post-ER degradation (16, 53) . These results support the notion that intracellular HCV particle content is regulated by a post-ER degradation mechanism governed by a cysteine protease. Interestingly, similar observations have been reported for apoB and apoE, which have been shown to be degraded in a post-ER compartment by a cysteine protease-dependent mechanism (1, 55) . Collectively, these results imply that intracellular degradation is the default pathway for HCV precursors in persistently infected Huh-7 cells and that low-density particles escape degradation to be secreted into the extracellular milieu.
HCV particle assembly and secretion are MTP dependent. The assembly of VLDL precursors begins with the translocation of apoB into the ER lumen in a process that is facilitated by the transfer of lipids to the nascent apoB polypeptide by MTP (50) . In view of the different densities of the intracellular and extracellular infectious particles, we set out to study the possibility that efficient secretion of HCV particles is dependent on MTP by using BMS-200150 (MTPi), a potent and selective MTP inhibitor (27) . Treatment with MTPi (10 M) inhibited infectious HCV particle secretion, as shown by reduced infectivity in the supernatant of the infected cells (Fig. 5A ). HCV RNA analysis using RT-qPCR confirmed that the number of particles was reduced in these supernatants (Fig. 5B) . Treatment of the infected cells with increasing doses of the inhibitor revealed a dose-dependent inhibition of HCV infectivity and core protein secretion that was proportional to the reduction of apoB secretion (Fig. 5C ). This inhibition was specific, since normal levels of secreted human albumin were found in these supernatants, regardless of the MTPi concentration (data not shown). These results suggest that MTP inhibition reduced the ability of the infected cells to secrete HCV particles in a dose-dependent manner. Intracellular HCV RNA levels and infectivity titers remained unchanged in cells treated with the MTP inhibitor (Fig. 5D ), suggesting that it specifically targeted HCV secretion. The secretion of chimeric JFH-1 viruses bearing structural proteins corresponding to genotype 1a (H77), genotype 1b (Con1), and genotype 2a (J6) was also susceptible to inhibition by MTPi (Fig. 5E ). These observations, made with persistently infected cells, were confirmed in single-step infection experiments. Briefly, naive Huh-7 cells were inoculated with HCV at an MOI of 5 as described in Materials and Methods, after which they were replenished with complete medium or medium containing MTPi (10 M). At 24 hours postinoculation, the cells and their supernatants were tested for intracellular HCV RNA and intra-and extracellular infectivity. Both intracellular and extracellular infectivity levels were significantly reduced (Ϸ10-fold), with little or no change in the intracellular accumulation of viral RNA (Fig. 5F ), indicating that MTP inhibition reduces the production of infectious intracellular HCV and its secretion into the extracellular milieu. These results suggest that in addition to promoting the secretion of infectious HCV particles, MTP either promotes the assembly of infectious intracellular HCV particles or prevents their degradation by promoting their maturation into low-density particles.
To explore these alternate possibilities, we took advantage of the fact that infectious particles accumulate in BFA-treated cells in a manner reflecting the infectious particle production rate (Fig. 1B) . Thus, we studied the accumulation of intracellular infectivity in the presence of MTPi in cells treated with BFA. HCV-infected cells were simultaneously treated with BFA and MTPi (10 M) for 8 h at 37°C. Although infectious particles accumulated intracellularly after BFA treatment alone (Fig. 6A) , accumulation did not occur when the cells were cotreated with MTPi or treated with MTPi alone, suggesting that MTP inhibition impairs a process that precedes the accumulation of new infectious HCV precursors, supporting the notion that MTP is required for infectious particle assembly.
Since the steady-state level of intracellular infectious HCV particles is regulated by an ALLN-sensitive mechanism ( 3), and since MTP inhibition increases the apoB degradation rate (7), we asked whether MTP inhibition could enhance degradation of the intracellular infectious HCV particles. Simultaneous treatment of persistently infected cells with MTPi (10 M) and ALLN (40 M) did not result in the accumulation of intracellular infectivity observed with ALLN treatment alone (Fig. 6B) , suggesting that MTP inhibition targets a process that precedes intracellular HCV degradation, probably at the level of infectious particle assembly. Overall, these results suggest that MTP inhibition inhibits the release of HCV infectious particles into the supernatant by impairing the assembly of infectious precursors in the ER.
Reduced apoB expression inhibits HCV assembly and secretion. Because impairment of MTP-dependent lipid transfer into apoB-containing pre-VLDL results in the inhibition of HCV particle assembly and secretion, we decided to study the impact of selective reduction of the intracellular levels of apoB on the HCV life cycle. It has been shown that shRNA-mediated downregulation of apoB expression reduces VLDL secretion in vitro (32) and in vivo (59) . Taking advantage of this technology, we transduced Huh-7 cells with lentiviral vectors encoding two different shRNAs specific for apoB (32) . As expected, expression of shRNAs 1 and 3 led to a stable reduction of apoB mRNA levels that led to reduced apoB secretion into the supernatant (Fig. 7A) . This reduction was specific, since normal levels of human albumin were found in these supernatants (data not shown). Cells expressing the two shRNAs were infected with HCV at a low multiplicity (MOI of 0.01) to determine if reduced levels of apoB have a negative impact on viral spread. Viral spread was compromised in the cells that expressed reduced levels of apoB, as shown by the reduced number of infectious particles secreted into the supernatant over time (Fig. 7B) . Interestingly, the reduction of viral titer observed at any given time point was proportional to the reduction of the secreted apoB level, as shown in Fig. 7A for the supernatants collected at day 7 postinfection. In similar infection experiments, chimeric viruses bearing structural proteins corresponding to genotype 1a (H77), genotype 1b (Con1), and genotype 2a (J6) showed a similar dependence on apoB for efficient infection (Fig. 7C and D) . While these results are in good agreement with the hypothesis that HCV secretion is dependent on the cellular machinery responsible for VLDL secretion, other aspects of the viral life cycle could be affected by reduced apoB expression.
In order to define the role of apoB in the HCV life cycle, we performed single-cycle infection experiments with cells expressing shRNAs specific for apoB. apoB shRNA-transduced cells expressing low levels of apoB mRNA (Fig. 8A) were infected at an MOI of 5. Infected cells and their supernatants were collected at 24 and 48 h postinoculation, and intracellular and extracellular infectivity titers were determined as previously described (19) . Figure 8B shows that the amount of infectious particles present in the supernatant of the infected cells was proportional to the level of secreted apoB, suggesting that apoB is rate limiting for HCV secretion (Fig. 8B) . Extracellular HCV RNA levels were reduced accordingly (Fig. 8C) , confirming that it is the reduction of secreted particles, not their infectivity, that is affected by reduced levels of apoB. Importantly, the levels of infectious intracellular particles were also reduced proportionally to the levels of apoB in the shRNA-expressing cells (Fig. 8B) , suggesting that intracellular apoB levels determine the HCV particle assembly rate.
In order to discard the possibility that the reduced expression of apoB alters other aspects of the life cycle, such as infection efficiency or HCV RNA replication, we determined the intracellular levels of HCV RNA by RT-qPCR at 24 and 48 h postinfection. This analysis revealed that HCV RNA accumulation was comparable at 24 and 48 h, independently of apoB levels (Fig. 8D) , suggesting that infection efficiency and HCV RNA replication remained unaffected in these cells. These results were confirmed by analyzing HCV RNA replication in cell lines bearing full-length and subgenomic JFH-1 replicons after transduction with lentiviruses encoding apoB shRNAs. In these cells, HCV RNA levels remained unaltered despite a significant reduction in apoB mRNA levels ( Fig. 8E  and F) .
Overall, these results suggest that apoB is a cellular factor essential for the efficient assembly of infectious HCV particles and that the association of apoB with the mature HCV particles observed in infected patients might occur inside the infected cell.
DISCUSSION
A hallmark of HCV is that it circulates in the blood as a component of lipoproteins. Many reports suggest that HCV particles form complexes with VLDL components that circu- (4) . Recently, we and others showed that infectious HCV particles present in the supernatants of in vitro-infected hepatoma cell lines display a low-density profile similar to that described for the in vivo situation, suggesting that this association might also take place in vitro (19) . We also showed that infectious HCV precursors display a different density profile, suggesting that their biochemical composition is different from that of secreted HCV virions (19) . These results suggested that intracellular particles undergo a maturation process prior to their secretion, involving a biochemical transformation inside the infected cell, in a process in which the VLDL assembly and secretion machinery could be involved. During preparation of the manuscript, a study carried out with surrogate models of HCV infection was published and suggested that assembly and secretion of HCV infectious particles are dependent on active secretion of VLDL (26) . The present study provides a detailed dissection of the steps of the viral life cycle that intersect with the cellular VLDL secretion pathway during a complete HCV infection cycle in vitro. In this report, we used a specific MTP inhibitor and RNA interference to demonstrate that HCV coopts VLDL assembly and secretion for its own benefit. Specifically, apoB levels appear to be rate limiting for the assembly of infectious particles (Fig.  8B ). Since apoB is translocated into the ER lumen as it is being translated, in a process facilitated by MTP (33) , and since HCV core particles are believed to acquire the viral envelope by budding through the ER membrane (47) , it is possible that apoB mediates this process or that apoB is acquired together with envelope proteins during the budding process. This would also explain the MTP dependency of HCV particle secretion FIG. 7 . Efficient HCV spread is impaired in cells expressing reduced apoB levels. apoB-deficient cells were infected at an MOI of 0.01 with JFH-1, and the infectivity in the cell supernatants was determined at different times postinfection. (A) apoB-deficient cells showed reduced apoB mRNA levels (black bars), as determined by RT-qPCR; reduced extracellular apoB levels (white bars), as determined by ELISA; and reduced HCV infectivity (gray bars) in the supernatants collected at day 7 postinfection. (B) Reduced cellular apoB levels lead to inefficient viral spread, as shown by the reduced numbers of infectious particles accumulated in the supernatant (FFU/ml) over time for cells expressing apoB shRNA-1 (white squares) and shRNA-3 (white triangles) compared to that for cells expressing GFP only (black diamonds). Results are presented as averages and standard deviations for duplicate experiments (n ϭ 2). (C) apoB-deficient Huh-7 cells were infected at a low multiplicity (MOI of 0.01) with chimeric viruses expressing structural proteins from different genotypes. The reduced number of HCV core-positive cells at day 7 (JFH-1) or day 12 (J6, Con1, and H77) in apoB-deficient versus control cells suggests an inefficient viral spread in these cells, regardless of the genotype of the viral particles. (D) Infectivity titers at 7 days postinfection (FFU/ml) in the supernatants of cells infected at a low multiplicity reflect the reduced ability of cells expressing low apoB levels to produce infectious HCV particles from various HCV genotypes. Results are presented as percentages and are averages and standard deviations for triplicate experiments (n ϭ 3).
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( Fig. 3) , the low density of the secreted particles (19) , and the presence of apoB in the particles circulating in infected patients (3, 42) . Importantly, these observations apply to viruses expressing genotype 1a, 1b, and 2a structural proteins (Fig. 5E and 7C and D), suggesting that this is a general mechanism for HCV assembly and secretion. Although we provide evidence for a functional association between HCV and the VLDL secretion machinery, detailed biochemical analysis of the interactions between apoB and the viral structural proteins at different stages of the infection will be required to define the molecular mechanisms by which apoB determines HCV assembly and secretion. We also observed that intracellular infectious particles or components essential for their assembly are degraded in a proteasome-independent manner. The rescue of functional, infectious particles by ALLN treatment (Fig. 3B and C) suggests that the viral and cellular components necessary for infectious particle assembly are properly folded and functional. This, together with the facts that this degradation is observed only when ER export is active (Fig. 3B) and that particle secretion is not increased by ALLN treatment (Fig. 3D) , suggests that the infectious particles themselves are targeted to degradation after they are assembled. The results presented in this study do not allow us to determine if accumulation of intracellular particles in the presence of ALLN and E64 reflects inhibition of a cysteine protease that directly degrades infectious HCV or that regulates HCV degradation by an indirect mechanism. Nevertheless, our results indicate that intracellular infectious HCV levels are regulated by a cysteine protease-dependent mechanism that does not affect virus particle secretion. Overall, our results suggest that HCV assembly and secretion are part of a highly regulated process in which MTPmediated translocation of apoB into the ER lumen is essential. While we speculate that the complex process that regulates the assembly and secretion of apoB-containing lipoproteins also regulates HCV assembly and secretion, our results suggest that high-density intracellular infectious HCV precursors undergo degradation by a nonproteasomal cysteine protease-dependent mechanism. In this context, we hypothesize that intracellular HCV precursors, which are assembled in the ER in an MTPdependent manner, are targeted for degradation if they fail to undergo the biochemical maturation that is necessary for secretion (i.e., the addition of lipids). This hypothesis assumes that most of the assembled immature (i.e., high-density) HCV precursors are actively targeted for degradation in persistently infected cells. Although this concept seems counterintuitive, it suggests that a mechanism that selects a particular subset of viral particles (i.e., low-density particles) to be secreted may be in place. We can anticipate two possible advantages of this selection process. First, it is possible that diversion of the VLDL secretion machinery creates an intracellular environment that is optimal for the viral life cycle, i.e., by providing a lipid-rich intracellular environment (31) that facilitates virus assembly and secretion due to reduced lipid export (36, 40) . Second, it is possible that the molecular anatomy of the particle selected for secretion confers an advantage over the immature infectious particles found in the cells, e.g., by masking viral envelope epitopes with host lipoproteins and limiting immune recognition in infected individuals or by providing cellular ligands permitting efficient binding to cellular coreceptors, such as SR-B1 (5, 29) or the LDL receptor (2).
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